Abstract-This paper presents an innovative capacitive ultrasonic transducer. The transducer is fabricated by bulk micromachining with a customized bonding process. The major distinctive point of this new technology is that, crystallography property of single crystal silicon, rather than an initially designated mask pattern, is utilized to form the honeycomb-like supporting frame. So that ideal hexagonal element geometry, as well as extreme uniform cell array, can be realized. Initial investigation results showed that this new product has a sharp resonance frequency of 2.67 MHz, with a quality factor of more than 50. The discrepancy of the transducers, in term of their resonance frequency, is less than 1%. Since the back cavities have been sealed by hermetic bonding, such transducer can be used for both airborne and immersion applications.
I. INTRODUCTION
Ultrasonic transducer has extensive applications in Sound Navigation and Ranging (SONAR), fluid metering, and many other fields. However, conventional piezoelectric transducers can not effectively transmit ultrasound in air and water. In order to extend the application range of ultrasonic detection technology, several capacitive transducers have been developed. However, these products are either based on traditional surface process, which provides only limited transducer performance [1] [2] , or necessitate high temperature and special substrate [3] , which prevent them from monolithic integration. To address these problems, an innovative silicon micro transducer is developed. This paper will outline the fabrication and initial test results of this new product.
II. TRANSDUCER FABRICATION
Fabrication of the proposed transducer consists of 3 steps, namely, membrane and cavity components preparation, components combination, and membrane releasing. These topics will be illustrated in following sections.
A. Membrane Carrier Fabrication
Fabrication of the membrane carrier starts from a double side polished (100)-type silicon wafer. As depicted in Fig. 1 . First, a thin LP-CVD silicon nitride is deposited on the wafer. After patterning of this layer, a LOCOS process is carried out to form local oxide islands. Following thermal oxidation, Al film is sputtered and patterned to act as electrodes. Since these conductors introduce surface protrusions and prevent the wafer from effective bonding, a thick PE-CVD oxide is then deposited and planarized, so that flat and smooth surface finish can be realized. Before further processing, etch windows are opened in the nitride layer on the backside of the wafer. This step is necessary, because the active membranes are finally released from backside through perforation etching.
B. Cavity Component Preparation
Preparation of cavity component is relative simple: patterns are transferred into bulk silicon and cavities are etched in it. Depending on the desired cavity geometry, wet or dry etching process can be utilized. For our application, hexagonal frame structures are preferred. Hence, a combined dry and wet etching is adopted [4] .
C. Wafer Bonding
When both components are ready, they are joined together by direct bonding. Bonding is carried out in a bonder, with chamber pressure adjusted as desired. After that, the wafer pair is dipped in KOH solution for perforation etching. To expose the Al connecting pads, an additional HF etching is also carried out. Fig. 2 shows a bonded wafer stack, the yielding rate of almost 100%. Fig. 3 shows a microscopic photo of a transducer cell. A whole transducer consists of 571 such cell elements. In the photo, one can find that the boundary of the membrane is almost ideal straight, and the regularity of the honeycomb-like structure is also very good. Such excellent homogeneity and regularity make a sharp contrast to the coarse and uneven surface that was provided by surface processes.
III. SAMPLE QUALITY INSPECTION
Hermetic sealing is an important requirement of this technology. In order to improve the energy transforming efficiency, most transducers will operate at resonance. If the back cavity is not sealed, air trapped in it will introduce extra damping and restoring force, and deteriorate the performance of the transducer. In order to evaluate the hermeticity of the bonding, an interference microscope is employed. Inspection results showed that under the load of normal air pressure, all membranes bow downward, which indicates that hermetic seal has been realized. No leakage was observed in any of the 571 cells of the transducer. 
IV. CHARACTERIZATION
To determine the resonance frequency of the transducer, a sweeping analysis is performed. With a signal generator, 10 Vpp sinusoid signal with 5 V dc bias is applied on the transducer. A laser Doppler vibrometer translates the vibration amplitude into electric signal, and the response is then visualized by an oscilloscope. Experiment result showed that the transducer has a sharp resonance peak. At the center frequency of 2.67 MHz, the 3 dB bandwidth is only 40 kHz. This is equivalent to a quality factor (Q) of more than 50. High quality factor reduces the required driving voltage of narrowband transducer, increases its sensitivity; enhances its frequency selection property, and makes it suitable for filter application. Fig. 4 depicts the attainable vibration amplitude of the membrane. The response is measured by a vibrometer. At 80 Vpp driving voltage (with 40 V dc bias), the measured amplitude response at resonance is 1.38 Vrms. According to the electric-displacement conversion factor of the vibrometer (50 nm/V), this is equivalent to a maximum deflection of 100 nm. For airborne application, such dynamic response is large enough.
V. CONCLUSION
An innovative capacitive ultrasonic transducer is successfully fabricated and evaluated. As oppose to current prevailing surface processes, this new method utilize wet anisotropic etching to realize regular transducer geometry, and bonding technology to combine the individual components. As a result, extremely uniform cell elements, as well as arbitrarily large electrodes gap, can be realized. Compare with other fabrication processes, this newly developed method is simple, reliable, and cost effective. It does not involve any special material or equipment, and can be used to fabricate both airborne and immersion transducers. 
